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APPLICATION  OF  BETHE'S  THEORY  ON  ELECTRON  SCATTERING 
TO  E-BEAM  LITHOGRAPHY 


INTRODUCTION 

Electron-beam  lithography  (EBL)  is  a technique  which  makes  possible  the 
fabrication  of  integrated  circuits  with  faster  operating  times,  higher  pro- 
duction reliability,  lower  cost  per  electric  function,  and  greater  packing 
densities.^  EBL  relies  heavily  upon  polymer  resists  for  pattern  delineation 

• as  does  the  more  conventional  photolithography  technique.  Many  papers  have 
been  written  concerning  e-beam  resist  sensitivities,^  but  little  attention 
has  been  given  to  scattering  phenomena  In  the  polymer  resist  layer  and  the 

, effect  of  this  scattering  on  line  undercutting  or  resolution.  Several  papers 

have  appeared  which  treat  electron  backscatterlng  from  underlying  substrates,^ 
but  electron  scattering  In  the  upper  layer  resist  as  a possible  phenomenon 
governing  Integrated  circuit  (IC)  feature  overslzlng  has  been  overlooked. 

This  topic  assumes  greater  importance  in  the  light  of  recent  work  on  high 
atomlc-numbered  (Z)  acrylic  polymer  resist  compositions  by  irorkers  at  IBM.^ 
These  workers  studied  thallium  (Tl)  and  cesium  (Cs)  substituted  methacryllc 
acid  copolymers  which  have  average  atomic  numbers  (Z)  higher  than  the  Z-values 
of  well-kno%m  resist  polymers.  Typical  Z values  for  well-kno%m  resist  poly- 
mers are  2.6  for  poly(lsobutylene) , 3.6  for  poly(methyl  methacrylate)  (PMMA), 
4.1  for  poly (butene-l-sulf one) , while  the  value  for  lOOZ  Cs-substltuted  homo- 
polymer{CH2-C(CH^)}ls  11.  Since  electron  scattering  phenoawna  are  Z-dependent, 

COOCs 

electron  scattering  In  higher-Z  polymer  resists  is  an  important  topic.  Assum- 
ing Isck  of  limited  freedom  In  the  selection  of  the  substrate  and  a fixed  de- 
gree of  substrate  backscatterlng,  electron  scattering  in  the  resist  becomes 
a factor  governing  pattern  resolution. 

In  EBL,  an  intermediate  energy  (5-20  kaV)  electron  beam  exposes  a radia- 
tion sensitive  target  (such  as  the  polymer  FHMA)  overlaid  on  an  IC  substrate; 
a subsequent  chemical  development  treatment  ramovea  the  axposad  region  leav- 
ing an  outline  of  pattern  sketched  by  the  electron  beam  when  employing  a 
poaitive-acting  rcsiat.  The  electron-beam  technique  is  attractive  because 
it  leads  to  the  production  of  micron  to  submicron  resolved  channels  and  also 
lends  itself  to  computer-controlled  production  line  automation.  However,  the 
use  of  an  electron  beam  does  introduce  certain  difficulties  in  that  electrons 
penetrating  the  target  scatter  away  from  the  incident  electron  beam  and  cause 

' Intended  exposure  to  other  regions  of  the  target.  This  scattering  leads  to 

a widening  and  distortion  of  tha  exposed  region  and  results  in  a degradation 
of  the  resolution  of  two  parallel  electron-beam  lines.  Therefore,  an  appreci- 

* ation  for  the  spatial  extent  of  penetrating  electrons  scattered  from  an  inci- 
dent electron  beam  is  central  to  tha  implementation  of  alectron-baam  lithog- 
raphy. 
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In  this  report,  we  address,  qualitatively,  the  question  of  the  spatial 
extent  of  Scattered  electrons.  We  do  this  by  making  use  of  the  multiple 
scattering  theory  of  Bethe  et  al.5.6  to  calculate  the' average  cosine  between 
the  actual  direction  of  motion  and  the  direction  of  the  primary  electron  beam 
In  terms  of  the  average  nuclear  charge  of  the  target  and  the  depth  of  elec- 
tron penetration  Into  the  target.  Moreover,  we  make  use  of  the  average- 
cosine  calculation  to  establish  an  order-of -magnitude  expression  for  the  depth 
L at  which  two  electron-beam  lines  overlap  in  terms  of  the  average  nuclear 
charge  of  the  target. 

THEORY  AND  RESULTS 

Bethe  et  al.  (see  footnotes  5 and  6,  page  2)  established  the  average 
cosine  between  the  actual  direction  of  motion  and  the  direction  of  the  primary 
beam  for  fast  electrons  to  be 


<cos0>  • exp 


where  A Is  the  "transport  mean  free  path,"  |^|  Is  the  energy  loss  law  for 
primary  electrons  moving  through  the  target.  Eg  Is  the  Incident  electron 
energy,  and  Ej  Is  the  energy  of  electrons  at  depth  d.  Both  A and  |^|  are 
given  by 


irNe^Z^ 


2ajjm(2E/m)’*  1 

A7I/3  J 


1^1  - 27iNe^Z 
'dx' 


An(2E/J) 


where  N Is  the  number  of  target  atoms  per  cc,  Z is  the  average  nuclear  charge 
of  the  target,  and  ag  Is  the  radius  of  the  first  Bohr  orbit  (e  and  m are,  of 
course,  the  charge  a^  rest  mass  of  the  electron).  J,  generally  referred  to 
as  the  mean  excitation  energy  of  the  solid.  Is  given  as  J*11.5  Z eV  In  this 
calculaclon  although  It  Is  assumed  to  have  a different  value  In  polymer 
targets  (see  footnote  3,  page  1).  In  substituting  Eqs.  (2,3)  into  Eq.  (1) 
and  letting  B«aV,  we  obtain  the  expression  for  <cos6>  as 


<cos6> 


'U 

^(-^)  f [1(V,Z)/V  ] dV  j 


5.  R.  Bethe,  lose,  and  Smith,  Froe.  American  Philosophical  Society,  78, 
p.  S73  (1938). 

6.  H.  Beths,  Ann.  I^slk,  p.  325  (1930). 


I 


where 


I(V,Z) 


&n(0.54 

Zn(0.174  V/Z) 


(4b) 


We  note  that,  I,  the  ratio  of  the  logarlthna  in  the  integrand  of  Eq.  (4),  ia 
a alowly  varying  function  of  Z and  V for  Z ^ 1 and  V ^ 5 kV.  G.  Archard,^ 
in  obtaining  his  electron  backseat ter ing  coefficient  for  the  situation  that 
Bethc  (see  footnote  5,  page  2)  termed  "complete  diffusion,"  used  the  approxi- 
mation that  I 0.7  which  is  quite  accurate  for  10  ^ Z ^ 80  and  for  5 kV  Vq, 
Vj  -V  50  kV  and  la  even  fairly  accurate  for  1 ^ Z ^ 80.  Using  Archard's  ap- 
proximation in  the  expression  for  the  <cos0>  of  Eq.  (4)  results  in 

<cos0>  - (5) 


The  energy,  eVj,  can  be  obtained  in  terms  of  the  depth  of  penetration, 
d,  and  the  incident  electron  energy,  eVQ,  by  integrating  Eq.  (3)  over  the 
appropriate  limits.  Following  G.  Archard  (see  footnote  7,  page  3),  we  find, 
to  a reasonable  approximation,  that 

(6) 

where  R is  the  range  of  the  electrons  and  is  dependent  upon  the  target 
material  parameters  and  the  incident  electron  energy.  It  then  follows  from 
Eqs.  (5,6)  that  the  <cos0>  can  be  approximated  by 

<cos0>  - (1  - yj)^*^^°  (7a) 

Fj  - d/R.  (7b) 

In  Figure  1,  we  plot  the  <cos0>  of  Eq.  (7a)  as  a function  of  the  average 
nuclear  charge  Z while  treating  the  normalised  depth,  yj,  as  a parameter.  We 
note  that  the  <cos0>  as  given  by  Eq.  (7)  is  Independent  of  incident  elec- 
tron energy.*  Indeed,  upon  performing  the  Integration  of  Eq.  (4)  while  using 
Vj  in  Eq.  (6)  for  a lower  limit,  we  obtain  the  numerical  result  for  <cos0>  as 
displayed  in  Figure  2.  We  note  that  there  is  a slight  incident  energy  de- 
pendence as  well  as  a alight  ahlft  to  higher  values  for  the  numerically  In- 
i*8tatad  <cos6>  plotted  in  Figure  2.  Nonethelese,  a comparison  of  the  re- 
sults in  Figures  1 and  2 shows  similar  qualitative  behavior  for  the  <cos0>. 

One  can  maka  use  of  the  <cos0>  calqplation  to  establiah  the  dependence 
of  the  undercutting  on  target  nuclaar  charge  of  two  equally  exposed  parallel 
electron-beam  lines.  We  define,  somewhat  arbitrarily,  L,  as  the  depth  at 
which  electrons  scattared  from  each  beam  mutually  espoae  the  region  of  the 
midway  between  the  two  electron-beam  lines.  The  depth  L is  then  de- 
termined by  setting  the  <eoe0>  equal  to  the  geometrical  coaine,- 


7.  6.  Archard,  J.  Appl.  Phgrs.,  »,  p.  1505  (1961). 

* The  Incident  electron  qmergy  appears^ln  the  expression  for  the  electron 
range.  A,  which  is  model-dapen^t;  this  model  dependence  arises  from  the 
fact  that  Iq.  (6)  can  ba  derived,  not  only  as  an  approximation  to  Bathe's 
energy  less  lew,  but  also  from  the  Thsmeen  Widdingten  energy  loss  law. 
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Fig.  2.  Plot  of  <co«e>  If?-  (4)  numrlcally  integrated!  as  a function  of  the  average  nuclear  charge  Z;  incident 
*2*ctron  accelerating  voltage,  Vq,  and  nonullzed  depth,  y<],  are  treated  as  parameters. 
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cosGg  ■ l/.C  I + 1/4 (D/L)  3» depicted  in  Figure  3.  We  set  the  <cos0>  in  Eq.  (7) 

L with  d*L]  eoual  to  cos0g  to  obtain  an  analytical  expression  for  the  normal- 
ized depth,  as 

(1-X)7Z/40  _ 

with 

/>  - D/R,  X - l/R  . (8b) 


t 


Here,  as  before,  R is  the  range  of  the  electron  in  the  target  material.  In 
Figure  4,  we  plot  the  reduced  depth  X as  a function  of  average  nuclear  charge 
with  reduced  separation  between  electron  beams  as  a parameter.  The  results 
predict  a marked  decrease  in  the  depth  X with  Increased  target  nuclear  charge 
for  a fixed  electron-beam  separation. 

We  have  also  calculated  X by  using  the  values  of  <cosG>  obtained  numeri- 
cally from  Eq.  (4).  These  results  are  qualitatively  similar  to  those  pre- 
sented in  Figure  4,  and  can  be  found  in  Figure  5.  Comparison  of  Figures  4 
and  S shows  that  the  numerically  obtained  value  of  X shifts  to  higher  values 
for  a given  Z and  has  a slight  energy  dependence. 

In  summary,  we  have  made  use  of  Bethe's  (see  footnotes  5 and  6,  page  2) 
theory  to  calculate  the  values. of  <cos0>  in  terms  of  the  average  nuclear 
charge  of  the  target  and  the  depth  of  electron  penetration  into  the  target. 
The  results  were  then  used  to  establish  a qualitative  expression  for  L in 
terms  of  the  approxisute  target  parameters.  The  results  predict  a decrease 
in  L with  increased  target  nuclear  charge.  The  treatment  also  provides  the 
rather  expected  result  that  undercutting  la  leaa  aevere  in  thinner  rather 
than  thicker  reslats  films. 


beam 


VACUUM 


TARGET 


Fig.  3.  Diagram  dapicta  two  e>beams,  separated  by  a 
dlatanca,  D,  atrlklng  the  target;  the  geometrical 
angle,  6g,  and  tha  undercutting  length,  L,  are  visually 
defined. 


Eq.  (8)J,as  a function  of  average  nuclear  charge  the  reduced  separation 

parameter. 


I,  X , as  a function  of  average  nuclear  charge  Z;  ^ , the  reduced  separation 
incident  electron  accelerating  voltage,  are  treated  as  parameters. 


